Administration of 2,4-diamino-6-hydroxypyrimidine (DAHP) in the diet of rats reduced total biopterins in plasma, brain and liver. The levels of dihydropteridine reductase (DHPR) and the rate of biopterin biosynthesis were unaffected. Animals on the DAHP diet consistently lost weight and ate less. Hence, the effects of DAHP and food restriction on biopterin metabolism, neurotransmitters and behaviour were investigated. Food restriction had similar effects to DAHP in that brain, liver and plasma biopterins were reduced. Neither DAHP nor food restriction significantly influenced the levels of neurotransmitters in the brain. However, DAHP reduced general activity and rearing of the animals in an open field arena while food restriction increased these parameters. These results suggest that the behavioural changes are either due to neurotransmitter changes not revealed by gross brain neurochemical analyses or to a more direct effect of tetrahydrobiopterin. In addition, the effects of DAHP may be confounded to some degree with these of reduced dietary intake and this has implications for the use of DAHP as an animal model of tetrahydrobiopterin (BH4) deficiency.
Introduction
Tetrahydrobiopterin (BH4) is the cofactor in the hydroxylation of the aromatic amino acids, phenylalanine, tyrosine and tryptophan (1) catalysed by phenylalanine hydroxylase (2) , tyrosine hydroxylase (3) and tryptophan hydroxylase (4) . The major source of BH4 in the cells is de novo biosynthesis (5) but the level of BH4 in the cell is controlled by a negative feedback loop in which BH4 acts as an inhibitor of GTP cyclohydrolase (GTP-CH), an important intermediate in the biosynthetic pathway. In addition BH4 can be oxidised to quininoid dihydrobiopterin (qBH2) converted to 7,8 dihydiobiopterin (BH 2 ) and excreted in the urine. Cellular levels of BH4 are maintained by the salvage action of dihydropteridine reductase (DAHPR) (6). The level of BH4 in the brain correlates well with sites of catecholamine and serotonin synthesis (7, 8) . In addition, microdialytic infusion of 6R-tetrahydrobiopterin (R -TH BP) in the stomach of unanaesthetised rats enhanced dopamine and serotonin release (9) . These results suggest that neurological and psychiatric disorders which may involve a biogenic amine deficiency may be due to diminished BH4 metabolism. This is particularly demonstrated by BH4 deficiency, a condition characterised by progressive mental and motor regression with convulsions and disturbances of tone and posture.
2,4-diamino-6-hydroxypyrimidine (DAHP) inhibits BH4 biosynthesis by blocking the conversion of guanosine triphosphate (GTP) to D-erytho-dihydroneopterin triphosphate (NH2P3) by inhibiting the enzyme GTP-CH (10) (11) (12) . Hence, DAHP could be used to create an animal model of BH4 deficiency in humans (13, 14) . The aims of this study are to examine the effects of DAHP on aspects of biopterin metabolism, neurotransmitters and behaviour in the rat in an attempt to establish such an animal model.
Material and Methods

Materials
Animals used in the experiments were Wi star rats , grade IV, supplied by Bantam and Kingman Ltd., England. Chemicals used were of Analar or standard laboratory grade and were supplied by Dr B. Schirks, Switzerland, Sigma Chemical Company Ltd. , Poole, Dorset, England and Fisons Laboratory Supplies, Loughborough, Leicestershire, England .
Administration of DAHP
DAHP was blended (w/w) with standard rat breeder diet to produce a homogeneous power. Control animals received standard food pellets in ground powder form. The experimental diet was given over a period of 6 days.
Experiment 1
The purpose of the first experiment was to investigate the influence of 5% DAHP on biopterin metabolism. Sixteen animals were used 8 control and 8 receiving the diet incorporating DAHP. After 6 days the animals were sacrificed and their brains and portions of liver were removed and stored at -70°C. Total biopterin and pterin were measured by HPLC using the method of Fukushima and Nixon (1980) (15) , BH4 biosynthesis was measured based on the method of Hamon (1984) (16) and DHPR activity by the method of Craine et al (1972) (6) . In addition, total plasma biopterins were measured. The Biuret method was used for protein determination. Animal weights and approximate food intakes were recorded over the 6 day administration period. The experiment was repeated and the two experiments were labelled trial 1 and trial 2.
Experiment 2
During experiment 1 it was noticed that animals receiving DAHP ate significantly less food than the controls. Starvation can influence biopterin metabolism (17) and hence a second experiment was designed to compare the effects of DAHP and food restriction on biopterin metabolism, neurotransmitters and be-
haviour. In addition to control animals, and animals receiving 5% DAHP, a group was given standard rat breeder diet in restricted amounts for 6 days. Six animals were used in each group. The quantities of food were equivalent to the daily food intake of animals on the 5% diet.
The behaviour of the animals was monitored before the experimental treatments were applied and on the second and fifth day after administration. The animals were observed in an open field arena and the level of ambulation, rearing and grooming assessed (18) . In addition, exploration and curiosity were assessed using the method of File and Wardill (1975) (19) . The total scores of animals in these tests on the different occasions were compared by contingency tests.
At the end of the experiment the animals were sacrificed and half brains used either for measurements of biopterin metabolism or neurotransmitters. Neurotransmitters were analysed by HPLC with electrochemical detection (20) .
Results
The influence of DAHP on aspects of biopterin metabolism is shown in Table 1 . Administration of a 5% DAHP diet reduced total biopterin in plasma, brain and liver in both experimental trials, but derived pterin was reduced in brain and liver in only one trial. The levels of DHPR were unaffected in either tissue and in only one trial was biopterin biosynthesis depressed in the liver. During the experimental trial animals fed DAHP appeared in poor health and one animal died after 3 days. In addition, control animals gained weight normally over the 6 days but animals on DAHP lost weight on the diet (Table 1) .
When the effects of DAHP were compared to those offood restriction (Table 2) the latter has some similar effects to the former viz brain, liver and plasma total biopterin levels were reduced. However, there were also differences in that derived pterin and biopterin biosynthesis were reduced in the liver by DAHP but not by food restriction, while food restriction alone reduced pterin in the brain .
Neither DAHP nor food restriction produced demonstrable affects on a range of neurotransmitters and metabolites (Table 3) . However, the two treatments had opposite affects on some aspects of animal behaviour (Table 3) ; DAHP reducing general activity and rearing while food restriction increased them. No affects on grooming were found but both treatments increased the animals curiosity. Administration of a 5% DAHP diet to male weaner rats consistently decreased total brain biopterins and support previously published results (14) . However, this effect is unlikely to be due either to the inhibition of GTP-CH, since depressed biosynthesis was not observed in brain, or to disruption of the salvage pathway since DHPR levels were also unaffected. However in the liver, reduced biopterin was accompanied, in one trial, by reduced biosynthesis. Observations of plasma phenylalanine and tyrosine during the experiment indicated that the former was increased approximately three fold while the latter was unaffected. Hence, liver biopterin was functionally inadequate in DAHP treated rats and this was reflected in the reduced state of hyperphenylalaninaemia. Plasma total biopterins were significantly reduced which may reflect the decline in liver biopterins.
DAHP did not produce consistent results on pterin.
Pterin is an catabolite of tetrahydrofolate (THF), (15), and BH4 (21, 22) . DAHP may cause a digestive dysfunction in mice, decreasing folate absorption and reducing tissue THF levels (23) . The inconsistency in the results may reflect variation in the severity of the digestive disorder in individual animals.
Food restriction had a similar effect on some parameters of BH4 administration as the 5% DAHP diet in that total biopterins were depressed in brain, liver and plasma. Hence, the effects of DAHP may be confounded to some degree with those of reduced dietary intake. Acute starvation reduces BH4 metabolism in the rat (20) which may be due to a drop in tissue levels of the reduced form of glutathione and an increase in oxygen radical formation enhancing oxidation catabolism (17) . Hence, we would question the validity of using dietary administration of DAHP as a specific model of BH4 deficiency without careful monitoring of food intake.
Severe loss of brain BH4 should influence the dopaminergic noradrenergic and serotonergic neurotransmitter systems (9, 24) and result in changes in behaviour. A suitable animal for BH4 deficiency should display these characteristics. However, an individual behaviour is likely to reflect the activity of more than one neurotransmitter system. Hence, catecholamines are important in general motor activi ty with activity and drive being attributed to the dopaminergic system (25, 26) and alertness and reinforcement to the noradrenergic system (27) . In addition, depletion of serotonin results In increased motor activity, isomnia and arousal. Increased levels may also induce the serotonin hyperactivity syndrome (28) . All of these Armstrong et al. : DAHP and tetrahydrobiopterin metabolism in the rat (29) whereas food restriction elevated levels of these behaviours. Starvation may enhance the entry of tryptophan into the brain and increase the activity of the serotonergic system and partially induce the hyperactivity syndrome. However, although serotonin levels were enhanced in the food restricted brain they were not significantly elevated and so there is little evidence for this hypothesis. Enhanced curiosity in both DAHP and food restriction animals may have been caused by hunger. Hence, the difference inthe effects of DAHP and restriction on behaviour, even though both treatments reduce biopterin metabolism, must be due to differing effects on the neurotransmitter systems. However, no significant alteration in calecholamine, serotonin or metabolite levels were found even when DAHP rats showed a 35% decrease in total brain biopterins. A possible explanation is that whole brain preparations may mask alterations in neurotransmitter levels occurring in specific cell populations. Levels of noradrenaline and dopamine have been significantly reduced in the brain stem by acute intraperitoneal administration of DAHP to weaver rats with a concomitant 66% decrease in whole brain biopterin (29) ; a result consistent with this suggestion. However, it is possible that partial reductions in brain total biopterins are not accompanied consistently by a depression in brain neurotransmitter levels in the rat. If this hypothesis were correct then BH4 may have a direct action on the brain and promote changes in behaviour.
